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. 
A tecbmique is described and results are  presented of wind-tunnel 

forced-osci lht ion tests of a model of the Douglas D-558-11 research 
airplane wkdch vas instrumented  to  obtain  the  dynmic  cross  deriva- 

tive czr - c z i j  ( rol l ing mment due t o  yawing velocity and ta acceler- 

a t ion   i n   s ides l iq )  and the  s ta t ic   der ivatfve  ( rol l ing mme?lt dize 

t o   s i d e s l i q ) .  The tests were conducted for   the complete configuration 
a t  Mach numbers 1.62, 1.94, and 2.41 f o r  an angle-of-attack  range from 
Oo t o  about 8O. Component t e s t s  of the  body-"kil and the body-wing 
were made a t  Mach numbers 1.62 and 2 .&l. 

c% 

It is shown that the wil7-g-body contribution  to C z r  - Czi fs pre- 

6 m F m - t  f o r  this airplane as compered w i t h  tne  body-tail  contribution 
and produces a Large negative  value of czr - C Z i '  This means that the 

ncment associated  with t h i s  derivative  vould produce  a negative  rolling 
mment whea the  airglane i s  yewiF2 t o  the  rLght,  although i n  a static 
cocdition a t  a p o s i t i v e   a x l e  of attack, a posi t ive  rol l ing mornent i s  
produced by a  positive  angle of yaw of the wing (C i s  cegative ) . 

l P  

Results of s q l e  calculations of t'ne period and damping of the 
frlll-scale  aiclane,  although  not  conclasive because of the  inadequate b 
number of f l i g h t  conditions  investigated, are included i n  an a t tenpt   to  
assess  the  importance  of the k r g e  negative  values of Yce cross  derimtive .. that were xeasured i n  this Fnvestigation,  as  cmqsred  with  the  positive 
values of t h i s  derivative  qreviously esthated.  
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Flight  experience has indicated tliat many s t a b i l i t y  problems xust 
be deffned and solved i3 order  to  control  current  susersonic  aircraft 
throughout  the  supersor-ic  speed ranges now being  attained. It has fur- 
ther  becore  evident t'nat due t o  increased weight md wirg l o z d h ~  or" 
the   a i rc raf t ,  the larger  proportion of t ?e  weignt bei-ng concentrated i n  
the fuselage, and the  attainment of higher  eltit-uies,  the dynamic chax- 
ac t e r i s t i c s  of the a i rc ra f t  have increased  in  izportance and should  be 
considered in   t i e   ee r ly   s t&ges  of design.  Reliable  estimates of the 
dynaqic la teral   s tabi l i ty   c ier ivat ives   are   imortant  -Lo assess   the  effect  
of these  derFvatives on the   to ta l   a i rp lane   s tab i l i ty .  Subsonic wind- 
tunnel  studies (refs. 1 %o 4) have dezonstrated  the  value of special  
wind-tunnel  techniques i n  Eeaswing some of the dynamic derivatives. 
However, l i t t l e  is known of t'ne dynaTic derivatives at supersonic  speeds 
wi-ih the  possible  exception of tice damping-in-roll  derivative, and i n  
t h i s  case  only at zero  angle  of  attack. 

Sme of the limitec5  hoTJledge concerning  the dymamic derivatives a t  
sEgersonic  speeds h s  been  obtatned  frox  reference 5 which presents a 
supersonic  vind--bzmel stcdy of the lateral   Cerivatives of a generalized 
wing-bo6y clodel using a special  Two-degree-of-freedom wind-tunnel  tech- 
niqce. Also la te re l   s tab i l i ty   da ta   ob ta ined  from free  f l ight   rocket  
model t e s t s  t o  a Kaclz  number high as 1.15 are  ?resented  in  reference 6 .  
The m i x - i c - r a l l  derivztive CzIS has been investigated  both +n 
sapersonic  vind tmnels and vi th   rocket   tes ts ,  but experiment&l  informa- 
t ion  on the contrtb-ition to tnis  derivative of airplm-e components (wing, 
body, and t a i l )   i n   conb imt ioc  is only  beginning to receive  at-ceztion. 

Reference 7 reviews a method for   eskimting  the  la teral   dyna~dc 
derlvatives il" the  sideslip  derivatives,  such as  are  presented  in  refer- 
ences 8 and 9 for the D o u g l e s  D-558-11 airplane,   are :mown, but  the 
necessary  approxixations l i m i t  the corSiCience with which the method can 
be u e d .  Reference 10 incicates that the side force &a t o  rol l ing and 
yawing Cyp an& Cyr have a negi igible   effect  on the  period and 

dmping of an airplane, a t  least   for  the  configurations izlves t%-gated. 
Reference 11 Lndicates that the lateral   acceleration  derivatives can be 
importent. It thus appears t'slat inforxation enabling a relieble  estimete 
of the  derivatives  associated  with (a) yaving moment  Che to   ro l l ing  Cnp, 
(b ) yaving xoment &E t o  yawing c-, ( c )  yawing nonefit iiLe to  accelera- 
t ion   in   s ides l ip  C n i ,  (a) side  force due to   ro l l i ng  C and (e) the 

rolling noment  due t o  yawing and acceleration  in  sicieslip and C 

are rieeded. It i s  the  garpose of' the  present  investigation  to  furnish 
data m t'ne latter two of these  derivatives in combination.  Although 

YP' 

1r % 

. 
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their   separate   effects  were not  obtained,  calcdations of the  period and 
damsing assuming different  proportions of one t o  the  other  for a given . experinentally measured. velue of their   difference were mde. 

The tests of this investigation  furnish deta for   the complete con- 
f i g u a t i o n  of the D-558-1s airplme  configuration a t  Mach nunbers of 1.62, 
1.94, 2cd 2.41 and comporrent breakdown tests a t  Mach numbers 1.62 and 
2.41. Tests were conducted a t  angles of at-kck  from Oo t o  about 8O. 
Finely ground s a l t   t r a n s i t i o n   s t r i p s  were located near  the  leading  edges 
of the wing, the   ver t ical  a d  horizontal tails, an& near  the nose of the 
body in   o rder  that the  boundary-layer  effects a t  high Reynolds nm-bers 
d g h t  be more closely s lulated.  

Tie technique i s  discusseCi ir- detail since  the  uneqected results 
r e q u r e  thzt the reader have an adequate knowledge of the technique i n  
order  to assess properly the val id i ty  of t%e data. 

A w i p s  aspect   ra t io ,  b2/S 
c 

b Xing span, f t  

ah distance on film from zero reference t o  $ trace,   in.  

i wips-incidence angle, deg 

I X Z  srocuct of i n e r t i a  of model w i t h  resgect   to  Xz-plane, slug-ft2 

=Yz product of i c e r t i e  of Eodel  with  respect t o  yz-plane, slug-ft2 .- 
k 
X0 

rad i -a  of gyration i n  r o l l  of' ?dl-scale airplane .=bout 
principal  longituciinal  axis of F n e r t i a ,  f t  

kZO 
radius of gyration i n  yaw of full-scale  airplane  about 

principal normal axis  of iner t+a,  ft 

- = Lp referenced  to body axis 

Lj r a t e  of chenge of rolling moment w i t h  acceleration i n  
* sidesl ip ,  &/ai, ft-lb-sec/radians 
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Lb-B = I$ referenced t o  bo6y axis 

L; r a t e  of change of ro l l ing  moment with yawing angulsr 
velocity, &/a$, ft-lb-sec/rsdians 

Li,B = L$ referenced  to bo6y axis 

r a t e  of clhnge of r3lAing moment w l t i  yawing angular 
acceleration, &I,/%, ft-lb-sec2/radiians 

r a t e  of change of ro i l ing  noment w i t h  roll angle 
(@ referenced t o  body axis ) , dL/a&, ft-lb/radiens 

rate of change of r o l l i r g  moment with rolling argdlsr 
velocity ($ referenced -LO body sx is  ) , &/a$, ft-lb-sec/radians 

t o t a l  ro l l ing  moment as iDCiicated by s t r a i n  gage, f t - l b  

Msch nmber 

mea2 a e r o d y n d c  chord 

yming moment, f t- lb 

r a t e  of change of yaving moxent w i t h  si6eslip  angle, dN/ap, 
f t-lb/radias 

rete or chmge of yawing mnent  with  acceleration  in  sicieslig, 
&/aa, f t - lh-sec/raaans 

race or" chsnge of yaving mamefit with  pding angular 
velocity, & i / b ~ ,  ft-lb-sec/radisns 

rolling  angular  velocity,  radians/sec 

period of osci l la t ion,  sec 

dynamic p r e s s z e  , "pv 1 2  
2 

ya:dF?z acgGxr velocizy,  radians/sec 

distance from mfrror on moeel t o  filrr. i n  d_rm cmera 

Reynclds ninber 
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wing area, sq f t 

t h e ,  sec 

torque  about  x-axis, f t - l b  

t h e   t o  damp t o  1/2 amslituce of s p i r a l  moce of aotion, see 

time t o  dmp to 1/2 amglitude of r o l l  node of notion,  sec 

t ine  t o  daznp to 1/2 amslitude of osci l la tory mo& of motion, 
(- value  denotes time t o  double amplitude),  sec 

f r ee  streem velocity,   f t /sec 

weight of airplane, lb 

longitudical,  Lateral, and n o m L  axes, respectively, or" 
s-ia7Cility zxis system 

angle of attack, deg or radizns 

angle of siiieslip, deg or rzdians 

r a t e  or" change of sideslip  angle  with the, ap/at, deg/sec 
or radizns/sec 

angle  ketveen  fuselage  center  line and principal axis, deg 

angle of yaw, deg o r  radians 

referenced to bow axis 

ya-dng  angular  velocity, a*#/&, iieg/sec o r  radians/sec 

referenced t o  born axis 

yawing zngulrr  acceleration, &/at2, deg/sec2 or 
r a ~ a n s / s e c 2  

angle of r o l l  (referenced  to body axis), radians 

rolling  angular  velocity  (referenced to b06y axis), 
raaens /sec  

rolling-noxent  coeEicient, L/qSb 
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‘n yawing-xment coefficient, N/qs5 

CY side-force coefficient, Y/qS 
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Tunnel 

c 

The Langley 9-inch  supersonic tunnel is  a closed-circuit  continuously 
aperatinlg w i n d  tunnel i n  which tihe pressure,  tengerature, and h u d d i t y  or" 
t-he enclosed aFr can be regulated.  Different  tes-i Vach nmbers can be 
obtained by interchangeEble  nozzle blocks wbicb f o m  2 test section  ebgut 
9 inches  sqpare. 

Model and Model Support 

The 1/72-scale model (without  campy) of the Dougl2s D-558-11 eir- 
plane, shown i n   f i g u r e  1, w a s  fabricated of s t e e l  md f ibre-g lass   p lzs t ic  
so tha t  it would house zn in te rca l  rolling-moEent  strain-gage  balance. 
1nterchar"e;ea'ole nose sections which fasteoed r ig id ly  -Lo the balance znd 
w i n g  and ta i l  sections which always 'had clezsance between them and the 
balance or  sting  support were designed so that e i ther  Yce complete  con- 
figuration,  the body wing, or the body tail  could be tested separately. 
Provision  for changing  engle of attack of the  Eodel was made by the 
series of 1/8-inch-diemeter  holes i n  the  disc of the rear of the sting 
in to  which gins  could be inserted and rnated with matc'hir!! holes i n   t h e  
model support.  Figure 2 is e photograph i l lustrat ing  the  aethod of 
supporting  the model i n  the tunnel i n  an Fnverted  gosition. The swept- 
bsck s t r u t s   i o r m d  a r igid  t r icngular  truss i n   f r o n t  view and other t'om 
the  slightly  moaified t a i l  section t o  allow f o r  a smll gusset  on  the 
s t ing  there  was no support  interference on the model. A shaf t   in tegra l  
wFth the model support  penetrated  the  top  cozzle of the tunnel. This 
shaft  defined  the  pivot  point of  tfie yawing oscillation and was designed 
a t  2 mean center-02-gravity  location 03 the  full-scale  airplane which 
correspozded  elmost  exactly to  the sctual center of g r a e t y  of the model. 
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OsciL.lating  Eqfipment 

The  node' w e s  o sc i l l a t ed   i n  yaw f r m  -12.5O t o  42.5O. O f  t h i s  
cycle +70 was a t  constznt arsular velocity. Tie reraining  portion of 
the cycLe WES a t  constant smgular acceleraticn  in  order t o  keep i n e r t i a  
loa& whFch might in te rac t  with the  balame  to a ninimum. This pre- 
scribed  xotion vas accamplisied by forcips  a rocker a m ,   t o  which the 
s h f t  through  the  top of t i e   t m n e l  was keyed, t o  r ide on a cam. The 
ghotcgraph, f igure 3, shows a view  of the  oscillatirg  apparatus  although 
the  cm? i s  obscured by -ihe flywheel. Tce r'lyx-keel w a s  keyed to  the same 
shaft as the  caz and i t s  gu-pose was to   na in ta in   cons tc t   ro t s t iona l  
speed of the  can. Pa additiaml  aid  in  providing  constant cam rotat ional  
speed  vas tine & u ? ?  sprir-g loaded! rocker arm uhose force on the cam 
opsosed Cne force qroduced by the  rocker arm ts whic:? the model w a s  keyed. 
A 3/k-borsepower e l ec t r i c  ,notor cousled  through a gear box, also obscwred 
by the  flygheel,  motivated  the cam. A vzriac between the pm-er sugply 
and the  e lectr ic  motor permitted  rotation of t'le cam a t  various  speeds 
thus ckanging the frequency of osc i l la t ion  of the model. A tachometer, 
xhcse signal was obtained  fron a small generator  directly  coupled  to  the 
cax shaft,  permitted the ogerator t o  observe tbe approximate  frequency of 
the  oscil lation of the model. 

Recording Squipment 

A specially  designea &-;m camera using 9-inch-wi6e roll film, such 
as is :sed i n  a K-19 or K-22 a e r i a l  photograph c m r a ,  was mmnted on the 
s i& of ';>e tunael. A l ight  sign21 from a smdi  l/l6-inch-diameter m i r -  
ror on the mofiel  ma&e a trace  denoting the history of the  angular  position 
of t3e modei 02 the film when both  the drum nodel were i n  motion. 
Simultmeously, %he w l i f i e d  strain-gage  signal was fed   to  an osci l lo-  
graph whose l ight  trece  emosed the film from t'ne orrposite  side and 
dezoted t i e   h i s to ry  of the r o l l h g  moment of the  nodel.  7lgure i s  a 
ge-n-era1  view sf the &.m ca?cera nounted in   pos i t i oc  an the  side of t'le 
tunnel  xith  auxiliary eqxigment on a tabie i n  the  foreground.  Figure 5 is 
a close-Lly:  view of the &UT cayiera. The circular  &urn cover which car, be 
seen ir_ f ig -ne  5 inclose2 a 30-inch-diameter  revolving L Z ,  made of 
Flexiglass  an&  alwin-m, t o  which the fiLm was cligped. The filn was qre- 
cuz to  the  correct  length  (about 90 inches) m-ii a t  t'ne osc i l l a t ion   f r e -  
quencies  and &ux speeds tkzt were used perni t tea  a record of about 
5 cycles  to be pr ic ted f o r  each t e s t .  Synchronized  automatic shut ters  
were a 5esigz  feature of the firm camera so  that when the nodel osc i l le -  
zips f reqency  an& tke tk-~x speea had peen  adjLsted t o  the i r  fiesired 
v a k e s ,  a xaxual switch  vas  activated and t"he shctter opened au tma t i ca l ly  
a t  the start 09 the  fiLT WE closed  al'ter one revolLtion of the drm. 

The oscillograpl?  ap3aratm  xomted c n  a table  inside  the drum con- 
s i s t ed  of two active galvanometer  elements  and **-o mir_ute stationary 

. 

Y 
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a reference  mirrors. One of the  active  galvulmeter  elenents  recorded  the 
strain-gage signal a f t e r  it had' teen  mplir ' ied by a Carr ier--hpl i f ier .  
Tns ot'ler  active ga.l.vmoEeter element v&s used as a timing l i g h t  end 
obtained i t s  siwl from a conventional e lec t r ica l   osc i l la tor .  A switching 
arrangenent  2ermitted t:he signal from this osc i l la tor  t o  be fed e i the r   i n to  
the  galvanmeter  element dwiw E. t e s t   o r   i n t o  a Stroboconn imed ia t e ly  
preceding %. t e s t  in order t o  accurately set the osci l l r tor   output  a t  the 
desired frequency. 

.I 

Figure 6 is  a ske tch   i l lus t ra t ing  a general Q i e w  of the orientetion 
of the motiel, &um cm,era, and the  paths or" the various  Light beans used 
i n  recorCiing the data. Tne oscillograph  light  source w a s  E standard 
straigbt-line  filament-type bulb. Tke l i g h t  sou-rce f o r  making the   angaar  
Dosition  trace wb.ch reflected  off   the ?nodel mirror w a s  a mercuy  arc air- 
cooled light  sovrce. A similar l ight  source was ncunted on a calibrated 
scale 80 inches fron the  ogposite siOe of the  xodel. A 1/16-fnch-dimeter 
mirror  recessed  into  the  ogposite side of the lrodel from the &urn camera 
ref lected  the  l ight  from t h i s   s o u c e  onto  the  calibrated scale and xas . 
used  cluing a s t & t i c   t e s t  for accurateu-  gositioning %??e motiel i n  the 
tunnel. . 

TESTS 

General  Considerations 

The torque about the x-&xis of a r ig id  body performing  one-degree- 
of-freedon  rotation  about a z-axis (Jr vLrying with t i m e )  i s  

For a wind-tun-n-el nodel where the  angle of yaw @ is inherently 
equal t o  t'ne negative or' the angle of s i d e s l i s  p an6 a s t r a i n  gage 
resists the   to ta l  =oxen% about  the  x-axis  with a msment L t ,  t'r-e equa- 
t ion  of motion  can be expressed as 
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For 5 moEel which i s  spmet r i ca l  about  the  xz-plane, Iyz = 0. If 
the  no6el moves w i t h  ccnstant  angular  velocity, $ = 0; and the e q E t i o n  
of mation becomes s-brply 

It is thus  appren-i t'nat the difference between t'ne dynamic Eeasure- 
Kent of the  rolling zornent and ti--e s t a t i c  meesarenent furnish a mestns of 
measning  the combined cross  derivative C l r  - C 2 j  when $ is ham, or 

a t  I) = 0 t'ne s t r a i n  gage w i l l  read  the moment associated  with t h i s  
cross  Cerivative  directly. 

The Freviouly  nentioned  equations  apply  without  qTualification  to 
the  teszs of this  investigation a t  a = Oo. A t  angles of attack  other 
shan Oo, a mixed systen cf axes exists. The notion was grescribed i n  
the s t ab i l i t y   ax i s  system  whereas the  rol l ing moment was measured about 
the  bow a x i s .  This xeaswed  roll ing xoment i s  composed of the  following 
aeroaina-r.ic  terms %-hen referred  to   the  s tabi l i ty  axis: NpJr s i n  a, 
Ne$ s i n  a, K.j,$ s i n  a, L3$ cos a, Li$ cos a, and L j b  cos a, s o  tha t  
equation ( 3 )  becanes 

Tne notion when referred  to  the body axis i s  composed of both yaw and 
r o l l  such the: s i n  $3/2 = cos a s i n  $/2 end s i n  -#*/2 = s i n  a s i n  v/2; 
or  far smaL1 angles enco?.zqtered i n  the  tests of this   report ,  $E = Jr cos a, 
-$fB = g sin a, = cos a, and -gB = $ sin a. Equation (3)  then 

cecmes 
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No attempt has been made in  the  gresentation of the results t o  
correct tine &ta t o  e i t h e r   s e t  ol" axes. For the ar@es of a t tack  tes ted 
i n  thi-s report  the  corrections are re la t ive ly  small. To correct t o  the 
s t a b i l i t y  axis system, equetion (4)  should be use&. A t  3 = Oo, it can be 
seen  tha-i, to   correct  t'ne r e su l t s   t o  the stability axis system,  in-fornation 

On - at  allgles of attack i s  needed  and no e a e r i n e n t e l   r e s u l t s  

are   avzi lable   for  this airplane a t  supersonic  speeds. To correct t o  the 
body axis system, equation ( 6 )  should be used. A t  p = Oo, it can  be  seen 
t k t  inr'ormation on LqjB (i.e., C 4  i s  needed. An unpu'Dlisized value of 

ured in wind-tunnel tests. Assuming l i t t l e  c-e i n  C with  angle of 
the CZr - Czrj  at tack for the range tested,   results  presented  in tcis 

investigation  contailz %. s i n  CL coctributior  with  mounts  to  about 
-0.03 at  an  angle of attack of 8'. 

c 

- Czp = -0.311: f o r  t b i s  airslsm a t  a = 0' and M = 1.62 has been meas- 

2P 

Prior  to  the tests, the model was balanced abouk its body exis with 
lead  weights  glued i n  the hollow-nose section. This eliminated icertia 
forces  being  transmitted  to the balance i f  the angular acceleretion were 
other t h n  zero. Also t'ne select ion of the pivot  point a t  the  center of 
grav5.t.y of the m o d e l  further elininated any inertis?.  force  being  trans- 
ni t ted  to   the  bslance i f  any s l i g h t   s t a t i c  m-balance about the body axis 
should still exis t ,  and il" the motion should be other than zero  angular 
acceleration. 

Calibration 

'Ice accuracy of the cam i n  producing the prescribed motiolz 5-m 

checked pr ior   to   the  tests by rotat ing it in   g rec i se  4.5O increments 
(using a milling machine 6Lvidi~g head) azd r ead ix   t he   r e s -d t an t  model 
aczle of y&w.  The Eodel mz le  of yaw w a s  determined by ming  ar? os t i ca l  
s e t q  with an 80-inch arm similar t o  the  setup lazer ; s ed  while  actually 
conducting t'le s t a t i c   t e s t s .  

s 
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The Lack of Fnterecticn of the roll balance  with model l i f t  and 
pitchill@; moment was checkee p r i o r   t o  the t e s t s  by using a 3rmn Recordax 
as the recording  instrument.  Calibrations of the  strain-gage  balance 
were a l s o  nade throvgbut   the  tes t  progran? using  both  the Brawn Recordax 
azd the  cmera  tecbique  since it was necessary  to  cut and resolder  the 
strain-gage  lea& whenever the 1laci.-  nurrioer  was changed and f o r  some xo&el 
ckaries.  

A special   se t ip  w&s mde  to  celFbrate  the  instrument  lag  in the gal- 
vanometer elenents of t'ge oscillograph  for  various  operating  frequencies. 
FFgne 7 i l l x t r a t e s  the  orientation of the  apparatus for mking  th i s  
calibration. Tke r o l l  balance was claTpe0 r i g i d l y   i n  a vertical   posit ion.  
A yoke w i t h  a nearis for varying  the  mment arm of two lead weigh-cs was 
clzrqed  to  the  'calance. Also on the yoke  was a slrall 1/16-inch-diameter 
mirror which ref lected  the  l ight   f rox a line  source  onto Vie film of the 
&rum cmera  about 9 feet   mag.  The strain-gage signal f r m  the  balance 
w a s  fed through  the  Carrier-Amplifier  into  the  osciilograph of the drm 
caner=. With the &UT carcera revolving,  the yoke-balance unit w a s  
plucked and a similtanecus dynamic record of the  balance  deflection and 
strain-gage  signal w a s  obtained on the  film. The pl;ase lag between these 
twc: traces or- the f i l x  represented  the  instr-ment l ag  of the  galvanometer 
elements or' tbe oscillograph.  Traces  vhich determined this lag  were I 

ob+,ained a t  various  frequencies by varyirg  t3e moment arm of the lead 
weignts a n E  thus changing t'ne ratwal freqmncy of osc i l la t ion  of the 
yoke-balance unit. Figure 8 shows the  resul ts  of this calibration. 
Ins-crunent  lags of the order of O.OOO7 second were neaswed which corre- 
ssonded -LC e distance on the  f i lm of about 0.08 inch. The indicated 
accwacies shown in   f igure  8 vere  assessed by checking f o r  symnetry each 
peak of tke y trace azd of t i e  mcrrent trace.  

S t a t i c  Tests 

The t e s t s  cf this  irivestigation were of two tEes: s t a t i c  and 
dynmic. Tie s+&tic  tests  furnished Cz data and were also used as a 

calibration  in  reeacing Yce v trace of a dyrmrnic t e s t .  The technique 
of  mxkir-g e s t a t i c   t e s t  was as follows : 

9 

The mdel was clamped a t  a 1-0-wn angle of yew indicated by the 
optical  system with an 63-inch arz?"; the   l igh t   sowce   for   th i s   op t ica l  
systex was then  exting-xished and both  shatters apened mnually;  vit'n 
the  shutters operr, the ikm of the  cmera was then  mnmliy  rotated 
tllrough a portion of a revolution,  folloving whFch LLheBhutters vere 
closed. The n?o&el was t h e n   s e t   a t  a new angle of y a w  m d  the  process 
repeated. The end product of a s t a t i c   t e s t  was E, fiim  record  with a c 

ser ies  of s t ra ight  1Fnes.  Since  the  traces  representing t ?e  yaw eagle 
vere a t  known values of tr:e angLe  of  yaw, %he distence  fron the refer-  
ence l ine  tkzt wes measured on the f i lx  w e s  -used to  con3ute the  eifective c 
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radius frm the mo6el drror to  the film using tile r e l a t ion  &2 = t an  I$. 
A typical   p lot  of %he m r i a t t o n   i n  R for  various $ o r  Ah values is 
shovn in   f i gu re  9.  The arrows a t  points 4. and 3 indicate  the  inaccu- 
racy t h s t  would result from fO.O1-inch mgTitude on the  film. A curve 
such as figure 9 w a s  used later in   the  reduct io= of dc-te. to   obtain  the 
v a h e s  of $. 

R 

Tie  angle of y a w  variat ion w a s  from about -loo t o  +IOo i n  2O incre- 
~ e n t s .  IC was necessary t o  stop the tunnel and readjust the  oblique 
mirror of the opt ica l  sys-tea  producing tire J/ t race on t3e  f i lm when the 
a"1e of e t tack of the  xodel w a s  changed. 

Tests were con6Gcted f o r  apsles of a-ltack  fro= 0' to  about 8O f o r  
the complete configuration a t  Mach n-mbers of 1.62, 1.94, m d  2.41. Also 
component t e s t s  of the body-ving cos igura t ion ,  and of Yce body-tail con- 
figuration  vere conducted for the sane engle-of-attack and engle-of-yaki 
range a t  Mach numbers 1.62 2tn,a 2.4-1. 

The Reynolds nmbers of the  tes ts  (based on  the wing Eean a e r o d w -  
mic chorci) were 0.434 x lo6 at M = 1.62, 0.524 x 10 6 a t  M = 1.94, and 
0.624 x lo6 a t  14 = 2 .kl. T ~ a n s F t i o n  s-lrips, made of f ine ly  ground s a l t ,  
were glued  near  the leadir!! edges of a l l  wing and tail surfaces an&  near 
the nose of t'ie body i n  order t o  shulate more closely  the  higher Reynol6s 
number bomdary-layer  conditions  suck as might be emerienced i n  tile 
f l i g h t  of the >rotozy-pe. Figwe 1 i l lus t ra tes   the   loca t ion  of these 
s triss . 

Dynaic  Tests 

h e c i i a t e l y  following  each static test,  without  stopping the tunnel, 
the dylzE3nic tests were conducted a t  two values of model osc i l la t ing  fre- 
quency. Trrese freq-cencies were =bout 200 and about 320 cycles  per  minute. 
The l a t t e r  frequency  corresponds t o  a yawing velocity of the ful l -sceie  
airplane cf about 0.1 radizn  per  second. PE tecm-ique for  conducting a 
dynmic test was as follows : 

After  checking  the  adjustment of the thing l igh t ,  the lnodel osc i l -  
latiog  frequeccy  vas  adjusted and held  constant; Yhe drum speed of the 
c a ~ e r a  was adjusted and held  constznt;  then  the nanual switch which 
activated the automatic  shutters was triggered. 

r- l se  ckeck  of t i e  adjus'meot or" the  frequency  of  the timing Lfght WES 
Tide pr ior  t o  each  Qnzmic test  by fee6ing  the sCgEal Light  fro=  the 
osc i l l a to r   i n to  the Strobocom. After adjusting the frequency to the 
desired  vzlue (200 cylces  per second for most of the t e s t s ) ,   t i e   s i g n e l  
fro% the osc i l l z to r  w a s  switched t o  one of the  galvanmeter  elements of 
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the oscillograph and  Furnished a= accurate  timing  record on the  film. 
The l i gh t  from one  of the  reference  mirrors was superposed on the timing 
l ight   t race  in   order  t o  define  conveniently  each  cycle  of t i e  trace.  

A sanple  portion of about 1 cycle of a film  record is shown great ly  
reduced in   f i gu re  10 ar?d & sketch of a similar  record  with  the  essextial 
portions  labeled is  shown in   f i gu re  11. Each fiLx  record  actually con- 
tained  about 5 cycles. Only that portion of each  cycle which w a s  at 
constant  argular  velocity  (the  straight-line  gortion) was used i n  the 
reduction of the data. Xi i l l u s t r a t ed  wiggle i n  tine trace of tae  
particular  record shovn i n   f i g u r e  10 could be ignored  since it occurred 
during a portion of the  cycle  not  used in  the  reduction of the data. 

DATA EiEDUCTION 

The reduction of the dats. of a s t a t i c  test  consisted  simply of 
measuring the distance between tine reference  line and both the moment 
trace end the  angular  position  trace,  multiplying  the moment measurement 
by the approGriate  copstant &nd plotting  against  the known valms of 
angular  position. Tne angular  Fosition measurements of the film were 
used l a t e r   a s  a calibration of the -$ trace of a dynamic test. The 
resu l t s  of the   s ta t ic  tests are shown i n  figures 12 t o  1-5 and the dynamic 
data are  shown i n  figures 16 t o  22. 

. 

Prior   to   the mechanical  retiaction of a film record of a dynamic test  
an  accurate knowledge of the model oscillating  frequency was obtained 
using  the  linear  portion of the 9 trace to find  the  variation  in q 
within a given time; the t h e  for   th i s   var ia t ion  was obtained from the 
timing light   t race.  Also p r i o r   t o  the mechanical reduction of the hta, 
a fa i red   l ine  was inked on the film t o  replace  the nmnent t race  in   order  
to   mke  t5e reading of t he   f i l x   ea s i e r  i f  hash exis ted  in   the moment 
trace.  

The mechanical f i l a  rea&- process  then  furnished a rapid means of 
measuring and recording  the  distance from the  reference  l ine  to  the 

t race and to   the moment trace.  These r eaangs  were taken  for  each 
integer  cycle of the timing l ight   t race  corresponding to  a known time 
between eack  reading of ab0G-t O.OO5 second f o r  most of the t e s t s .  The 
measurements were made throughout  every data portion on each film  record, 
furnishing two se t s  of readings fo r  each  cycle of the model. blultiplylng 
each rooment reading by a ccxstant determined from the  balance  calibration 
and from q, S, and b, gave Cz directly.  D i v i d i n g  each p reading 
by the  aFproDriate  value of R (obtained from a curve such as figure 9 )  
determined t i e  corresponding v&he  of tan lJr, from -which q was obtained. e 
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The galvanometer l a g  was accounted for  during  the film reading pro- 
cess by reading the mamer-t t race an ins tan t  of time later on the film 
t b  the reading f o r  the Q trace.  The imtrument lag  corresponding t o  
the model osci1;atiog  frequency w a s  determined gr ior   to   the  film reading 
process by referring  to  the  calibration  curve of f igure 8 and t h i s  was 
converted in to  a knm distance on the fih by  which the moment readfng 
should  lag  the q reading. This distance w a s  of the order of 0.08 inch 
on the film f o r  the high  frequency  tests . 

In   o rder   to   I l lus t ra te   the  method of the  extraction of the derivative 
C Z r  - C z i  frm the  data, the solid-line traces of figure 1l present a 

sketch of how the data reduced i n  the precedhg manner might  appear i f  
plotted  ageinst  time. The mment t r sce  w i l l  either lag o r  lead the force 
trace (by a distanCe c or d of f igure 11) degending on the  direction 
of the  force  zssociated  with the derivatives Cz, - C z i .  In   accorhnce  

with equation (3) it c m  be seen that at  q = 0 the distances a and b 
of' figure 11 represent  the moment associated  with the derivative C 2, - clp' 
Tne data, although  applicable a t  a l l  the q values  within the l inear  
range,  can be more sinply  extracted et Q = 0. 

The l i n e  As of figure 11 represents  the  location  of  zero momnt 
and zero $ on their   respective  traces.  It can be seen that the mis- 
placement  of this line would result ir- unequal lag or   l ead  and unequal 
values of the  cross  derivative  during a +$ sect ion of the trace as 
coqered  with a -$ section. This property  afforded a convenient means 
of obtainin2  the  zero  mment  reference when the  zero $ reference w a s  
'mom, and w a s  used i n  the reductlon of the h t a .  Tce zero  posit ion of 
the q t race  w a s  obtained from the s t a t i c  test which immediately  pre- 
ce&d tine dyna&c tests. 

PECISION 

Motion 

"!!e previously mentioced  check of the accuracy of the cam i n  gro- 
ducil.lg the prescribed  notion  indicated tht the  can would produce a 
l inear  angle-of-yaw varration of the model to   within f0.03° i f  rotated 
a t  constant  speed. The l i nea r i ty  of the -$ trace on the film record 
vas the  o ~ l y  =ems for  assessing  the  constancy of the cam rotat ional  
speed acd shoula  be used as the  true stm-&rd a s   t o  the accuracy of the 
motion. On the ful l -scale  film records it was possible t o  detect a 
sligl.1'; 5ow i n  the 9 t race which would amount to  about  1.5-percent 
change in   s lope  i n  traversing from aboat -7O t o  +7O yaw angle. It is 
believed that this e r ro r  is negligible,  since the data are concerned  only 
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viti ciznges i n  $ 3x12 corresponrling ckanges i n  C1 such as would O C C ~  

over srcAlLer perio& of time thac tine t i m e  for the model to  traverse tfie 
complete l inear  range of -73 t o  +73. 

Zalance  and  Recording  Apparatus 

The repeated  calibretiom  throughout the tests  using  both e, Brown 
i3ecorLdax and %he cmera  technique  for  indicatil?g  the  strain-gage  readings, 
disciosed t'net t i e  inaccuracy  and insensit ivity  associated  with  the cam- 
era tecimique masked the  actual  error  associated  with  the  strain-gage 
aalance i t s e l f .  P-w7 the  accuracy of any point measured 6ming  a   tes t  
depeneed on the accuecy of tke cmera  tec'rnique.  Inaccwacies i n  the 
c&Tere tec!miqLe uocld  result   frox film f is tor t ion  dming deve1o;Jing and 
drying, a   v r inkle   in   the   r ' ib  due to   fau l ty   Ioadi r?  of the  cmera,  and 
the  i-nability to read a paor r i b  record w i t h  accuracy. For the   s t a t i c  
zests t h i s  latter cause was sigsil ' icant ap-d resulted  in  greater  inaccuracy 
i n  t he   s t a t i c  &t& than is bel ieved  to   exis t   in   the dynamic data. The 
poorer film recores of  tlze s t a t i c   t e s t s  were associated wi th  the f a c t  that 
whet- the drum was rotated manualLy a  portion of a revolution, xuch wider 
lighu ;races  resulted. Also, centr i fwel   force  vas  2ot  helping to hold 
the f i h  f la t  zgainst  the tirun. 

Estiyated  Resalting Accuracy cf the Cross Derivative 

overall  estimate of the f i m l  resul t ing accm-acy of the C z r  - C z B  

v a l ~ e s  i s  very Oiff icul t  t o  make. h- esi,imate of the acc-macy of any 
I-diviEvlal poin-l of a Cz agaicst  $ curve fo r  a d y n d c  test  would be 
misleadil?z  since  the n l u e  of a  cross  derivative depended on a f a i r ed  
c u v e  tnrough many points. However, as a @de i n   e s t i m t i n g  t k e  accuracy 
of +,'ne cross  fierivative t2ne following  probable  errors  pertaining  to  an 
iadividiial poFnt are  presented. An increxent of kO.01 inch on t h e   f i l n  
represents  an  acc-lracy  that  vould z g l y  t o   t h e   m j o r i t y  of the tes t points. 
215s wo~lc i  correspond t o  a A C z  of +0.00022 a t  M = 1.52. The neasure of 
Cz a t  't: = 0 furnisheci t i e  2arameter (C - cZ . I ) + .  %us an  error ir! 

t'ne moment trace of kO.01 inch for a t s i c a l  high  frequency t e s t  a t  about 
j .L radiene  per  seccnd  uould  cor-tribute t o  az~ error  

P 

ir- czlG - % of 

. c c W ~ -  et K = 1.62. Since 



Y 

The imccuracy i n  6 which appeared t o  be as  high es 6 percent between 

C l r  - C z i  upwerd to a'oout kO.41. For a tmical low--frequency tes t ,   the  

corresponding  error i n  C - C would be about 20.58. As mentioned, 

Ynis analysis of the  accuacy  base6 on individcal  point raeasurexents i s  
misleading. h o t h e r  method used to  assess  the  accuracy w a s  t o  fair Lim- 
i t i n g  curves  through  the data of figu-res 16 t o  22 w i t h  the m x i m u n !  spread 
that could  conceivebly be %ired corresponding to t h e   s c a t k r  of the test 
goints.  Combining these  limiting  curves v i th  t'lze maximum e r r o r s   i n  the 
determination of the  freqwncy  (cmbined i n  the worse nmner) detemined 
a conservative  estimate of the  accuracy. The sha&ed area of figure 23 
i l lust rates   the ~ a x i m m  possible   error  Ee tedced  i_n_ this mEL-ner. Tois 
method is  believed e bet ter   indicat ion of t'ce accuracy than the  analysis 
based on individw.1  point measurements, although it also is gossibly  too 
conservative. I 

.. the  vcrious  cycles of any one family of points would revise   the  error   in  

2, 2 8  

IiESULTS Em DISCUSSION 

S t a t i c  Tests 

A s  nentioned  previously,  the data from the s t a t i c   t e s t s   ve re   sub jec t  
t o  greater  inaccuracies  thzn the dzte of the dymmic t e s t s .  The static 
*ta of C z  ag-einst p are  presented  in  f igures  12 to lb, a 6  the vari- 
t ion  of C (per degree) viC% angle of a t tack is  shown i n   f i g u r e  1-5 for 
the  various  configurations. It should  be remeEbered tha t  a t  angles of 
s t tack  other than Oo, the dzta as presented  are  the  rolling moxent  meas? 
ured  about  the body axis due -Lo a sideslis as measured i n  the s t a b i l i t y  
axis  systex.  lncluded i n  reference 8 are  similar data f o r  this airplane 
a t  Mach nunibers 1.61 and 2.01. The h t a ,  where capar i sons  are appropri- 
a-ie, coqare  favorably i f  it is,renembered that the airplane of reference 8 
had a s l ight ly   smaller   ver t ical  ta i l .  Comparison of t i e   da t a  a t  Mach n m -  
Ser 1.62 f o r  this investigation  with that at  Mach  number 1.61 of refer- 
eace 8 shows t ha t  the C z p  vclues are almost  identical  fo r  the complete 
eirglane at zero  angle of at tack.  The bocly-tail results ( cms le t e   ve r t i -  
ca l  a d  horizontal t a i l )  of t i e  airplarre of this   invest igat ion are more 
negative than- Yne C l p  resdts of referezce 8 for the   ver t ical  t a i l  alone. 
Both hvestigations  indicate  the body-wing contributLon to 
t ical ly   zero a t  zero  engle of atteck. 

I 

28 

- 

c% is prac- 

The chta of this investigation show e decickd  effect of -le of 
attack on C z g ,  &x t o   t he  wing contr ibut ion  to   this   der ivat ive,   especial ly  

I - 
I 



a t  Mach  number 2.41. It is  interest ing t o  note tkat, based on the  data 
a t  M = 1.62 and M = 2.41, there i s  a *crease in  tke  contributFon of 
the  body-tail  to witk  increasing Mack  n;;7:ber snd  an  increase i n  

the  contribution of the bow-wing w i t h  increasing Mach nuxber. For the 
complete configwation a t  zero  angle of attack, GO variation Fr- 

with Yack  nurr?ber  was evident  for a l l  t3ree test ?kc3 numbers. The e f f ec t  
of zngle of e t k c k  on C2 ap2ears l e s s  a t  Mach  number 1.94 than  for 

either  the  higher  or  lover Mach numbers. 

c% 

c z P  

3 

Dynamic Tests 

Figu-es 16 to 22 present  the dymmic variation of rolling-rnm,ent 
coefficient w i t h  angle of y.zd. High-frequency Lzd low-freqmncy &ta 
are  plotted for  the same configuration 02 offset  axes. Any one s e t  of 
syr?bols on a curve  represents  the  values  along oce h t e  portion of e. 
Cycle a t  !mown co?lstznt time increments. The flagged symbols are  taken 
fron posi%ive sloges (+$ motion) and the  wzlagged syn;%ols fron  negative 
slopes (-*c motio2). W i t h  a ghase lag  between the  mment t r w e  and the 
angular posi;ion trace,  the  vertical  distance between the two f m i l i e s  
of h t a  (flagged or urzlagged) w i l l  represel t  twice  the  rolling  mment 
due t o   t i e  motion. Figures 16 t o  22 indicete  that  most of the  curves o f  
the   tvo  fazi l ies  of &ata are  reasonakly  parallel aod show l i t t l e   e f f e c t  
of 3 on t41e rmgnitude of the cross derivatrve so at tent ion can be con- 
f ined  to   the  resul ts  a t  I$ = 0 for grea te r   shq l i c i ty .  Equation ( 3 )  
i l l u s t r a t e s  t-ht a t  ii;' = 0 tile s t r a i n  gage reads the  cross-derivative 
pstraneter -(I+ - LB)$ directly. me coefficient - Czi associated 

with this moment i s  obteined by dividing half the  distance between tine 
tvo f m i l i e s  of h t a  a t  $- = 0 by -$ and multiplying by 2 V / b .  

2, 

Figa-es 23, 24, m d  25 prese-n-t the  variation of C z r  - Czj with 
angle of attack and frequency for  the  configurations  tested. The sur- 
pr is ing  resul t  t"%t the wing bas a large  negative  contribution t o  

- Czi is i l lustrs ted  in   f ig-mes  23(c)  and 25(c). !Ibis means tha t  
c2r 
yewing and sideslipsing 50 the  r ight produces a negative  rolling moment 
and the rm-ent associa.ted VI:> this  xotion would contribute  to a diver- 
gent  xotion of tke sirplane.  Reference 12 shorn that  such a motion is 
encountered  inadvertently  Exrips  flight  tests of the  full-scale aiqlane 
at low angles of attack. A t  3 g h e r  angles of a t tack   the   s iq lane  is more 
s table .  It should be emphasized,  hovever, that the  Grfvative 

is  not tihe chief cause of the diverger;t motior, experienced by the f u l l -  
scale  airplene  but that (as pointed  out  in ref. 12) tie incl inat ion of the 
princfgal axis r e l a t ive   t o  t i e  f l ig3t   path has a pronounced influence on 

C l r  - C Z i  
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the motion of the  airglane. The aforementioned  negative  values of 
C - C z B  occur i n   s p i t e  of the  fact  Ysat the s t s t ic   der iva t ive  

due to   the wing is  slightly  negztive; that is, posit ive y a w  pro&uces 
posit ive roll. The inadequacy of the   approxbt ioc   assoc ia ted  with the 
method of estimating dyrmnic derivatives zsing experiEent&l  values of 
the  sideslip  derivatives  suck &s i s  considered i n  reference 7, is c lear ly  
dexocstrated,  since f o r  t h i s  _particular co-nfiguration  such a procedure 
would lea& t o  z v a h e  of of o d y  zbout 0.1. Tiis value i s  consid- 

c 2 ,  c z P  

‘2, 
e rzbly  different   in   s ign and magnitu&e frm C - Czb values  measued 

2 ,  
in   the  invest igzt ion of th i s   repor t .  

TrAe cause os’ the  negative vzlues of - CI6 is not obvious since 
‘2, 

the wing had 3 O  incidence zEd 3O negative dihedral. Reference 13 indi-  
cates that a sveptback wing can h v e  negative  values,  but a theoret- 

i c a l   p r e s c t i o n  os” C2, for   the  wing o r  w i n ?  body of the   a i rp lme of tlis 
- investigation h2s not  been  attewted. 

Because the  cmGlete  configuration deta sad the body-wing &ta st 
Mach nunher 2.41 w e r e  t es ted   ear ly   in   the  program before  testing experi- 
ence indiceted some possible  i-gprovemnts i n  the  apparatus,  there  vas more 
hash i n   t h e  moment trace of tkese  tes ts  and the r e su l t s  sre believed  to 
be Less accurate t h n   f o r   t h e  renaining tests . (The improvement i n  t i e  
apparatus  consisted of reglacing  the  spring which held the  rocker a r m  t o  
the can v i t n  8 6-foot leng-l’n of elastic shock cor&.)  Figure 23, which 
represents  the  results a t  Mach  number 1.62, shows t h a t  f o r  the c q l e t e  
car2iguration  the  large  negative C z r  - C z b  value-s  of the wing are  pre- 

daminant 8s compered with the posit ive C z r  - Czb values of the body 

tail.  

A t  Mzch cumbers 1.62 an& 1.34 f i e   e f f e c t s  of frequency on CZr - CZb 

are smil and ere  believed t o  probably be within  the  accuracy of the data. 
&cause of the greater inaccuracy of Yne data a t  Mach  number 2.41, the 
larger   effect  of freqaency thet is shovn is believed to be questio-nable. 
However,  t’ne crder of magnitude of the derivative and i t s  variation  through 
the Engle-of-attack  range is  evident from the   resu l t s   p resented   in   f ig -  
ures 23, 24, acd 25 azd should be considered reliable. 

Significance of Results 

&cause of t ie  large  discrepancy between the mezsured value of the 
derivative m-d previous  crude e s t i m t e s  (Tor exangle-as  used i n   r e f .  7) 



an attecipt was mace t c  assess i t s  e f fec t  on  t'ne final motion of the air-  
plane by calculations of the  period and damping. The results of these 
calculations  are  presented merely as a guide by which t o  regard  the mas- 
werrents of the  cross  derivative of this invest igat ion  in  the proper 
perspective. The strong ir;teraction of the derivatives i n  the  equations 
of motion prohibits  generalizing on the effec ts  of any one derivative, 
s ince  for  a different combination of values of the  other  derivatives, 
ent i re ly   different   resul ts  might be obtained. 

- 

The calculations of the  period and k g i n g  were made f o r  twa dif- 
ferent  angle-of-attack con6Ltions a t  a Nach  number of 1.6 and f o r  an 
altitirde of 50,000 f ee t .  A l l  the  other  6erivatives  being  the same, the 
e f fec t  of verious  values of C 

t'ae osci l la t ing mode and on the damping of the  spiral  and the   ro l l  mode 
can be compared. The values of the mass, geometry, and inertia  charac- 
t e r i s t i c s  were the  saze as med  in  reference 10 and were W/S = 60, 
S = 175 squzre  feet, b = 23 feet ,  e = 3.7O, 1% = 3,150 slug-feet2, 

kxo = 3-12 fee t ,  and kZo = 9.86 fee t .  Tne sideslip  derivctives  used  in 
the  calculations were obtained fro31 the  experhaenLtal  measuremnts of 
reference 8 a t  M = 1.61. The valGes of these  sides1i.p  derivatives were 
C = -0.07445, CnB = 0.0916, and C y  = -0.7213. A value of C of 

-0.311: w a s  used,  based on uapublished Langley 9-inch  supersonic t m e l  
tests . T-he derivatives CYr, and Cy= vere assumed t o  be zero i n  

a c c o r m c e  vit:n the  calclAtions of reference 10 which indicated that 
sizable changes in  the  values of these  Cierivatives have a negligible 
e f fec t  on the clanping. The val-aes of C and Cnr which were used 
were based on the  crude  approximation  indicated i n  reference 7 and C 

was assuxed  zero i n  the absence of a be t te r  xethod t o  estimate readily 
these  derivatives. The resu l t s  of the  calcuLations  are  presented i n  the 
following  table : 

2, and c% on the period and m i n g  of 

l P  B 29 

%Pl P 

nP 

"B 
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a 

0.5 

- 5  
-5 

-5  
4 -0 
4.0 

4 .O 
4 .O 

c - c  
zr % 

0.0747 

- .52 
- .52 
- .52 

* 0747 
- .78 

- -78 
- .78 

Spiral  
=ode 
T1/2-1 

88.5 

21.3 
17 -2 

12.7 
27.6 
4.6 

3.5 
2-3 

Roll 
EO& 

Tr/2-2 

0 -39 

.39 

.39 

-39 
.49 

- 53 

-55 
- 57 

Lateral 
Jsci l la tory mode 

T1/2 -3 

-37.5 

19 -7 
22.8 

22.8 
4.2 
4 .O 

4.3 
5 .6  

For the law engle-of-attack  condition,  there i s  no e f f e c t  of the 
cross  derivative on the -ping of the roll node and a negl igible   affect  
011 the  period of the  osci l la tory mode.  Tfie  demping of the spiral mode 
chnges uith the  proportion of Czr  t o  Cz-, but i s  affected  greater  

by the change fro?n the  previous  estimated  value (CZr = 0.0747, Czb = 0) 

to  the  e-eriren-kl  vake of - C (-0.52) . Even t h i s  chan-ge might 

not be coticeable  to a p i lo t ,  hovever. The damping of tine osci l la tory 
mode is  a f fec ted   s l igh t ly  by different  proportions of t o  C but 

i t s  la rges t  cbmnge a l so  resfits from %ice use of the experimental  value as 
compere& t o  the previous e s t k t e d  value. A t  thLs f l ight   cozdi t ion  the 
motion i s  s l igh t ly  dar@ed i f  *he experimental val-ae i s  used  and s l+ght ly  
unstable  (the  negative 7ralue denotes t h e  t o  double  amplitude) i f  the 
previous  estimate i s  used. Both conditions  are so near  nextrally stable, 
however, t h a t  even  the  differeoce between the experimental and previously 
estimzted  -lues does not illus-lrate decided a f f e rences   i n   t he  dynanic 
gerformence of the airplzne. Tie results of the  calculations a t  tine 
Kgher  zrgle-of-attack condFtioE i l l u s t r a t e   t he  greater &ab i l i t y  of t'he 
airplane a t  higher  Lzgle of attack  but,   uith  the  exception of' the   sg i ra l  
mode, the   vdue of the  cross  derivative is  shown t o  be ur-important f o r  
tine conat ion  iovest igated.  

a 

2 8  

' 2 ,  l 8  

Although the preceding  analysis shows the f ina l   r e su l t i ng  motion of 

- C z B  f o r  the particular  condition  investigated,   this might  r,ot  occur 
the airplane  to  be relat ively  insensi t ive  to  changes i n  the derivetive 

czr 
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for   other   f l ight   condi t ions,  for example, a different  Mach number, a 
different   a l t i tude,  or an  angle of climb  other  than Oo. It should a l s o  
be remembered that establishing  the magnitude  of t h i s  derivative has a 
value in   in te rpre t ing  f l i g h t  r e su l t s .  For exangle, in  using  the 
rotating  vector method to   ob ta in  the derivatives from a given flight 
history of an  airplane as was done in   reference 6, the problem reduces 
t o  a point where three  derivatives  are unknown but the directions  are 
known, and it is necessary to   es t imate  one of the  derivatives  in  order 
to   c lose  the polygon.  Usually it is the  derivative C1, - C z B  t h a t  is 

estimated and the  other two, and C z p ,  are determined  accordingly. 

This is because Cz - CzB is usually the s.ml1es-L. The r e su l t s  of t h i s  

invest igat ion  indicate   that  a great  deal of care  should be used i n  such 
a procedure  since  the  derivative C z r  - Czb can  be  sizeable  in magnitude 
and of opposite  sign  than  considerations  based on the contribution  of  the 
ve r t i ca l  ta i l  by itself would indicate.  For the lack of  any t e s t s  or 
adequate  theory  the w i n g  contribution t o  this derivative was often 
neglected and as is  shown by the  investigation of t h i s  report  would 
r e s u l t   i n  a completely  unrealistic  value of 122, - C z b .  

ZP 
r 

CONCLUSIONS 

A technique i s  deecribed for  measuring Cz - C2 (rolling moment 
r 

due t o  yawing velocity and to   accelerat ion  in   s i&?sl ip)  of an  airplane 
and i ts  components a t  supersonic  speeds. The sideslip  derivative 
is obtained as a byproduct when using t h i s  technique. The application of 
the tkchnique to   t he  DOUgla6 D-558-11 cmplete  airplane  configuration a t  
Mach numbers 1.62, 1.94, and 2.41 and t o  the component t e s t s  of the body- 
wing and the body-tail a t  Mach numbers 1.62 and 2.41 a l l  of which  were 
tested  through an angle-of-attack  range from Oo t o  ad, yielded  the 
following  conclusions: 

% 

1. The. wing-body a t  zero  angle of a t tack had a negligible  contribu- 
t i o n   t o  C z P  of the  cmplete  airplane,   but its contribution  increased 
with  angle of a t tack and produced a var ia t ion   in  Cz of the  complete 

airplane that became increasingly  negative wi th  increaeing angle of atteLck 
a t  Mach numbers 1.62 and 2.41. The body-tail had negl igible   var ia t ion  in  

with  angle of at tack.  The tests of the camplete  configuration a t  

P 

% 
Mach number 1.94 showed less variation i n  C z p  with  angle of a t tack than 
the  complete-configuration data a t  the  other Mach numbers. 



2. The contribution of the body -t&il t o  C - CZi was i n  t'ie 
direction  expected  although  larger i n  magnitude. Hawever, the contribu- 
t i on  of the body-wing t o  C2, - C z B  was ?redominant i n  i t s  e f f ec t  on 

the  result ing C z r  - C z b  of the  cmplete  configuration and w a s  negative. 

Whether t h i s  was due to  the  wing's  negative  Wnedral o r  t o  its sweepbeck 
was not  established,  but  the mament associated  with this derivative would 
coctribute  to a divergent motion of the  airplane. (Yzwing t o  the r i g h t  
woulb cause a negative  rolling moment.) This negative  value of czr - c  2rj  

occurred  even  though was  negative. (A posit ive yaw angle would 

cause E posi t ive  rol l ing moment.) 

2r 

c z P  

3. An analysis of the   e f fec t  of the  large  discrepancy between the 
previously  estimated  value of - C Z i  cmpared t o  the zneasured value 

of this report,  involving  period and -ping calculetions of the full-  
scale  airplane,  disclosed that, at a Eoderate  angle of attack (bo), There 
the   l a te ra l   osc i l la tory  motion w a s  stable,   the  or&er of magnitude of this 
deriva-live 'had a negl igible   effect  on the notion of the  airplane  for  the 
partic-XLar condition and combil?ation of derivatives  investigated.   In  the 
low angle-of-attack  condition (O.5O), the use of the previously estimted 
value  resul ted  in  a sl ightly  unstable  oscil lation; whereas the use of the 
measured value resulted i n  a s l igh t ly  damged osci l la t ion.  These calcula- 
t ions cannot be conscdered as 2. conclusive  indication of the degree of 
insens tb i l i ty  of t h e   f i n a l  motion of the  a i rplane  to   the magnitude of t h i s  
derivative due to  the  i-mdeqmte number of fl ight  conditions  investigated.  
Hawever, establishing  the Illagnitude of this derivative and showing the 
poss ib i l i ty  of h r g e  negative  contributions due t o   t he  wing bow  indicates  
the need for caution i n  estimating this d e r i n t i v e  when extracting sta- 
b i l i ty   der iva t ives  fron? f l i g h t  motion s-LuiEes. 

'2, 

Lzngley Aeroneutical  Laboratory, 
National Advisory C m i t t e e  for Aeronautics, 

Langley Field, V a .  , August 5, 1955. 
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Transition  strip-. 
"I P - -3' dihedral in '. 

Tip airfoil NACA 63-012---/ 
.-Steel  mid-section 

-- Cruciform  strain 

Figure 1. - Sketch of Douglas D-958-IT model showing roU.ing-momnt balance. 
( A l l  dimensions are i n  inches. ) 

I U I I 



k\ H i  ’ Inverted mdel 

- L-88012.1 
Figure 2.- Photograph i l l u s t r a t i n g  rr-ethod. of model sup2ort i n  the tunnel. 

L-88013 1 
Figure 3. - Photograph of mde l   o sc i l l a t ing  Epparztus. (Viewed from above 

the tunnel looking &o”strearn. 
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L-88016.1 
Figure L.- General  view of drum camera mounted on side of tunnel  with 

auxiliary eqtipment i n  foregrow-&. 

L-88014. 1 
Figure 5.- Close-up  view of  ilrum camera and oscil logrash  a?p,ratus.  



i i  YCamera drive motor 
I 

I 
I 

L"---.- -*+- LOscillographl 
/ L A  I 

I 
cillograph light source I 

i-1 
I 1  

I 

Drum camera and 
oscillograph Circular mirror 

(set obliquely) 

Tunnel 

(a Top view. 

(b ) Front view (looking downstream ). 

Figure 6.- Sketch of orientation of model, tunnel, d m  camera and t h e  
paths of the various l i g h t  beans  used to  record  data and pos i t ion  of 
the model. 
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Wire 

Strain  gage (Clamped 
rigidly with axis vertical ) 

4 lead weights (0.4 Ib, 
adjustable moment arm 

Clamp and  arm 

inch diameter  mirror 

Carrier 

Wire  leads to 
oscillograph 

camera 
oscillograph 

and 

Fig-ire 7.- Sietch of or iec ta t ion  of apgaratus  used  in calibrating t h e  
instruyer-t   lag of the  galvenometer  elements of the  oscillograph. 
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Frequency,  cycles per minute 

Figure 8.- Instrw-ent k g  of a gszvenometer element of the  oscillograph 
2s a ftmction of' its operating  frequency. 

R 

Ah, inches on film 

Figme 9.- A ty-pical  curve of the  var ia t ion i n  R, the  effective  distance 
from the model mirror t o  the film as a iZLn_ction of the  indicated aq1.i- 
tude on the  f i lm of  the Jr trace.  



Z 
?i 

L-89386 P iz! Figure 10. - Photograph of a portion of a typical film record. 
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Film direction 

+$ data -9 data 
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Figure 11.- Sketch of a moment and angular position trace i l l u s t r a t i n g  
the method of reducing the data. 
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(b Body-tail configuration. 

P, deg 

(c Botiy-wlng configuretion. 

7 .  2lg-ire 12.- Vmiat ion 3f rolling-momect c o e f f k i e n t  w i t h  s ides l ip   ang le  
a t  Y.ch n-miber: 1.62. (Cz measured about body ex is ;  p reasured i n  
s t c b i l i t y  axis. ) 

c 
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Figure 1.3.- Variation of rolling-moment coef.eicient for the conqletc con- 
f igurat ion wi th  s ides l ip  angle a t  Mach number, 1.94. (C2 measured 
about body axis ;  p measured i n  s tabi l i ty  axis .  ) 



P, de9 

(c 1 Body-wirg cor21guretbon. 

Figme 13.- Variation of rolling-noxent coefficient with sideslip  angle 
at Mach rider 2.41. (C2 Teasured  about body axis; p neasured ir? 
s tzbility zxis. 1 

c 
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cz,d@g 

(a)  M = 1.62. 

P 

37 



(b) OL = 2.95'. 

Figwe 16.- Dpanic vmiation of rolli,n.g-xoinent coefficient with mgle  of 
yew for the  cmplete conTiguration a t  Mach n-mber 1.62. 
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(e) a = 5.750. 

(a) a = 8.020. 

Figure 16.- Concluded. 
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(a) OL = 0.650. 

(b) OL = 2.50°. 

Figure 17.- Dynmic v&riatiol?_ of rolling-morrent coefficient  with  angle 
02 yaw f o r  the  body-tail  configmati03 a t  Yach r.uni'er 1.62. 
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-6 -4 -2 0 2 6 
$3 deg 

(a) a = 6.55O. 

8 

Figure 17.- Continued. 
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(e) a = 9.00~. 

Figure 17. - Concluded.. 

NACA RM ~ 5 5 ~ 1 6  
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(a) a = 1.000. 

('D) a = 2.72O. 

Figure 18.- Dy?.;;amic wi.ztim 02 rolling-xoment  coefficient  with angle 
of yaw for the body-%ing configuration st Fach number 1.62. 
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(a) a = 7.kOO. 

Figure 18. - Concluded. 
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.o I2 

.OtO 

.008 
Flagged symbols denote +$ 

' I  

(a) u = 0.430. 

(b) u = 2.55O. 

Figme 19.- Dyrmnic vaziatior- of  rolllng-norcec-t coerficient  with  angle 
of  yzw for the complete config-aration at Mach Zunber 1.94. 



46 NACA EM L55Hl.6 

( c )  u = 4.70'. 

Figure 19.- C o x l u d e d .  
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9, deg 

(a) a = 0.3~. 
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.o 12 

.010 

.008 

.OC6 

OC4 

.002 

H.E 
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- .002 
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-.GO8 

-.o IO -8 -6 -4 -2 C 2 4 6 8 
$1 deg 

(c) a = 4.7". 
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(a) a = 2.00. 

Figure 21.- Dymmic vwiation of rolllng-moment coefficient w i t h  mgle 
of yaw f o r  the body-hi1 configuration at Mach n m k e r  2.41. 
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(a) O. = 8.2O. 

Figu_re 21.- Concluded. 
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(a) a = 0.30. 

Figare 22. - D y ~ l a r l c  vari-eticn of rolling-txornen-k cceff  icient  with  angle 
oi' y ~ w  f o r  the body-wing c m f i g z r a t i o n  at Mach  num5er 2.41. 
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c 

(d) CL = 6.90. 

Figme 22. - Continued. 
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. 

F i g x e  22. - Ccrcluded. 
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c 

(E) Complete  conyiguration. 

(b) Eody-tail configmat: 70n. 

( c) Body-wing conZiguration. 

Figure 23.- Vmiation of the  cross  derivEtive Czr - C z i  w i t h  =*le of 

atteck  and  Trequency zk Mech cumber 1.62. 



c ,c 4 $j 

2 .o 

I .o 
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-1.0 0 9W3.3 ra d ianskec  

Figure 24.- Variation 0%' the cross derivative Czr - C z i  with angle of 

attack and frequency for  the complete configuration at Mach number 1.911. 

. I 



NACA m ~551a6 h " 57 

(a) Complete configu_ratio_n_. 

a, deg 

(b) Wdy-tail  configuration. 

Figure 25.- Vmiatiolz oi the  cross  derivztive Czr - C Z i  with angle of 

a t tack &xi frequency at Mach  number 2.41. 

NACA - Langley Field, Va. 


